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 We discuss the surface magnetotransport in the quantum Hall (QH) 
ferromagnetic state expected in the organic Dirac fermion system -(BEDT-TTF)2I3. The 
QH ferromagnetic state is one of the possible =0 QH states in the two-dimensional 
Dirac fermion system resulting from the degeneracy breaking of the n=0 Landau level. It 
is characterized by the helical edge state. We have studied the interlayer surface transport 
via helical edge state in the multilayer QH ferromagnet, in which the bulk region is 
insulating. We have clarified that the surface conductivity is much less than e2/h and 
decreases as the magnetic field is tilted to the normal direction of the side surface. These 
features explain the observed interlayer magnetoresistance in -(BEDT-TTF)2I3. 
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 A layered organic conductor α-(BEDT-TTF)2I3, where BEDT-TTF denotes 
bis(ethylenedithio)-tetrathiafulvalene, has attracted a great deal attention since it was 
revealed to be a two-dimensional (2D) massless Dirac fermion system like graphene 
under high pressure1, 2). Since the coupling between BEDT-TTF conducting layers is very 
small (interlayer transfer energy, tc, is much less than 1 meV), this compound is usually 
regarded as a 2D system. At ambient pressure, it undergoes a phase transition into the 
charge-ordered insulating phase at ܶ ൌ 135	K. Under high pressure (ܲ	 ൐ 	1.5	GPa), this 
transition is suppressed so that the metallic phase survives down to low temperatures. 
According to the tight-binding band calculation in the metallic phase, each BEDT-TTF 
layer has 2D band dispersion in which the conduction band and the valence band contact 
forming a pair of Dirac cones3, 4). In contrast to graphene, the Dirac cones are tilted and 
anisotropic, and they exist at two general points ܓ଴ and െܓ଴ (called valleys) in the 2D 
Brillouin zone. The Femi level is fixed at the Dirac point because of the crystal 
stoichiometry. α-(BEDT-TTF)2I3 was the first example of the 2D massless Dirac fermion 
system in the bulk crystal. 
 One of the most characteristic features of 2D massless Dirac fermions under the 
magnetic field is the anomalous n=0 Landau level (LL), of which energy is always equal 
to the Dirac point energy. Four states with different spin (up or down) and valley (ܓ଴ or 
െܓ଴) are degenerate in the n=0 LL. It has a finite broadening width,  due to scattering 
and interlayer tunneling. The quantum limit, where the Fermi level is located only in the 
n=0 LL with no overlap with other LLs, is easily reached even at low magnetic fields, 
since the cyclotron energy becomes large around the Dirac point reflecting the massless 
nature. In α-(BEDT-TTF)2I3, we can expect the quantum limit above 0.2 T. 
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 It had been known that α-(BEDT-TTF)2I3 shows anomalous transport properties 
in this field region. The interlayer magnetoresistance (MR) shows remarkable decrease as 
the magnetic field increases, namely, strong negative MR5). Interlayer Hall resistance, 
which is measured by the interlayer voltage under the in-plane current flow, depends not 
on the magnetic field strength but only on the magnetic field direction with unusual cot 
dependence, where  is the elevation angle of the magnetic field6). These phenomena 
have been well explained as the electronic properties of the multilayer massless Dirac 
fermion system at the quantum limit where spin splitting is ignored7, 8). In the model, the 
interlayer coupling was treated as a perturbation following the previous works on 
interlayer magnetotransport9). The negative MR results from the linear increase of the 
degeneracy of the n=0 LL. The agreement between theory and experiments strongly 
supports the realization of massless Dirac fermions in α-(BEDT-TTF)2I3. It was also 
confirmed by the specific heat experiment10). 
 When spin splitting becomes comparable to the width of the n=0 LL in higher 
magnetic fields, the MR turns to positive because the DOS at EF begins to decrease. It 
exponentially increases, approximately obeying ܴ~1/expሺെߤ஻ܤ/݇஻ܶሻ  at ܶ ൐ 1K , 
which means activated transport11). However, this increase tends to saturate at higher 
magnetic fields11). 
 In this paper, we show that the saturation of interlayer MR in -(BEDT-TTF)2I3 
results from the interlayer surface transport via the helical edge state in the quantum Hall 
ferromagnetic state, which is one of the possible =0 quantum Hall (QH) states. The 
observed activated behavior is an evidence for the existence of a mobility gap at the 
Fermi level, in which electronic states cannot contribute to dissipative transport. This fact 
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strongly suggests that the =0 QH state is realized as a result of the degeneracy breaking 
of the n=0 LL. In fact, the ߥ ് 0  QH effects have been observed in the doped 
-(BEDT-TTF)2I3 thin film12). The saturation after the activated behavior suggests the 
existence of transport channels other than the insulating bulk channel which shows the 
activated transport. We consider the scenario that the surface transport channel due to the 
edge state in the =0 QH state limits the interlayer MR causing the saturation13). 
In the 2D massless Dirac fermion system, generally, two types of the =0 QH 
states are possible14). One is the QH insulator which appear in the case that the valley 
splitting is dominant in the degeneracy breaking. It is fully insulating with no edge state, 
and considered as the ground state of undoped graphene under magnetic fields15, 16). 
Another is the QH ferromagnet which is realized when the spin splitting is dominant in 
the degeneracy breaking. It is a spin-polarized state and accompanied by a helical edge 
state, which consists of a pair of edge states with opposite spin and chirality (Fig. 1(a))17, 
18). This is analogous with the 2D quantum spin Hall system19). Although the Chern 
number is zero in the QH ferromagnet, the spin Chern number, which is defined as the 
half of difference between Chern numbers of up-spin and down-spin electrons, is one. As 
long as the spin component along the magnetic field is a good quantum number, the edge 
state of the QH ferromagnet is topologically protected. In multilayer systems, the helical 
edge states on 2D layers couple with each other by the interlayer coupling, forming the 
surface state surrounding the sample side as shown in Fig. 1(b). This surface state could 
contribute to the interlayer transport. 
 In below, we discuss interlayer surface transport in the QH ferromagnet. We 
consider a model of the multilayer Dirac fermion system, where 2D massless Dirac 
5 
 
fermion layers parallel to the ݔݕ-plane stack along the ݖ-axis with weak interlayer 
coupling. The band dispersion of each layer has two isotropic Dirac cones at ܓ଴ and 
െܓ଴ in 2D ܓ-space. Each layer located at ݖ ൌ ݖ௜ is a semi-finite plane in ݔ ൏ 0 with 
an edge at ݔ ൌ 0 . The magnetic field ۰ ൌ ׏ ൈ ۯ ൌ ሺܤ௫, ܤ௬, ܤ௭ሻ  with the general 
orientation is applied to the system (ܤ௭ ൐ 0). The effective Hamiltonian ܪ෡ ൌ ܪ෡଴ ൅ ܪ෡′ is 
written as the direct sum of those for two valleys: 
ܪ෡଴ ൌ ԰ݒሺ෠݇௫ߪ௫ ൅ ෠݇௬ߪ௬ሻ⨁԰ݒሺ෠݇௫ߪ௫ െ ෠݇௬ߪ௬ሻ ൅ ݏߤ஻|۰|ܫସ  (1) 
ܪ෡ᇱ ൌ െ2ݐ௖cosܿ݇௭ܫସ,      (2) 
where ܓመ ൌ ൫෠݇௫, ෠݇௬, ෠݇௭൯ ൌ െi׏ ൅ ሺ݁/԰ሻۯ. We choose a gauge ۯ ൌ ሺܤ௬ݖ, ܤ௭ݔ െ ܤ௫ݖ, 0ሻ. 
ሺߪ௫, ߪ௬, ߪ௭ሻ are Pauli matrices, and ܫସ is a 44  unit matrix. The electron spin in the 
field direction is indicated by ݏ ൌ േ1. ݒ, ߤ஻, ݐ௖, and ܿ are the velocity of 2D Dirac 
fermions, the Bohr magneton, the interlayer transfer energy, and the interlayer spacing, 
respectively. In order to discuss the QH ferromagnet, we do not introduce any inter-valley 
coupling in ܪ෡଴, so that no valley splitting occurs in the bulk LLs. However, the boundary 
condition at the edge could cause inter-valley mixing. The electronic state is represented 
by a four-component spinor, ۴ሺܚሻ ൌ ቄܨ஺ሺܓబሻሺܚሻ, ܨ஻ሺܓబሻሺܚሻ, ܨ஺ሺିܓబሻሺܚሻ, ܨ஻ሺିܓబሻሺܚሻቅ
௧ , where 
A and B are pseudo-spin indices. One of the typical boundary conditions is given by 
ܨ஺ሺܓబሻሺܚሻ|௫ୀ଴ ൅ ܨ஺ሺିܓబሻሺܚሻ|௫ୀ଴ ൌ 0  and ܨ஻ሺܓబሻሺܚሻ|௫ୀ଴ ൅ ܨ஻ሺିܓబሻሺܚሻ|௫ୀ଴ ൌ 0 , which 
corresponds to the armchair edge of graphene20). In the following, we employ this 
boundary condition, since it gives no edge state at zero magnetic field. However, the 
results do not depend on details of boundary condition. 
 The eigen states of unperturbed Hamiltonian ܪ෡଴ are edge states of LLs of the 
6 
 
2D Dirac fermion system on each layer. They are labeled by the Landau index ݊ሺൌ
0,േ1,േ2,… ሻ, the valley splitting index ߬ሺൌ േ1ሻ, the center coordinate ݔ଴, the layer 
position ݖ௜, and the real spin index ݏሺൌ േ1ሻ. Their four component envelope function 
are written as ۴௡ఛ௫బ௭೔ሺܚሻ ൌ ܎௡ఛ௫బሺݔሻexp൛݅ሺെ݁ܤ௬ݖ௜/԰ሻݔൟexp	ሺ݅ܭ௬ݕሻߜ௭,௭೔, where ܎௡ఛ௫బሺݔሻ 
is a four-component function which varies in the range of the magnetic length ݈ ൌ
ඥ԰/݁ܤ௭ from the edge. The edge state wave number ܭ௬ and the center coordinate ݔ଴ 
relate with ݔ଴ ൌ െ݈ଶܭ௬ ൅ ሺܤ௫/ܤ௭ሻݖ௜. Figure 2 shows the schematic dispersion of the 
n=0 edge states as a function of ݔ଴. Around the sample edge, the up-spin and down-spin 
n=0 LLs split into two branches (߬ ൌ േ1) with opposite group velocity. At the Fermi 
energy ܧி, there are two edge states with opposite spin and current direction on each 
layer at ݖ௜. 
 To obtain the interlayer surface conductivity ߪ௭௭ሺୱ୳୰୤ୟୡୣሻ, we treat the interlayer 
coupling ܪ෡ᇱ as a perturbation, and evaluate its lowest order contribution to ߪ௭௭ሺୱ୳୰୤ୟୡୣሻ9). 
Since ܪ෡ᇱ conserves the real spin, the perturbation matrix elements are given by 
ൻ۴ఈᇲ௫బᇱ௭೔ᇱหܪ෡ᇱห۴ఈ௫బ௭೔ൿ
ൌ െݐ௖ ቊන ܎ఈ,௫బା஻ೣ஻೥௖
ሺݔሻ∗ ∙ ܎ఈ,௫బሺݔሻexp ൬݅
ܿܤ௬
݈ܤ௭
ݔ
݈ ൰ ݀ݔ
଴
ିஶ
ቋߜఈᇲ,ఈߜ௫బᇲ,௫బା஻ೣ஻೥௖
ߜ௭೔ᇲ,௭೔ା௖
െ ݐ௖ ቊන ܎ఈ,௫బି஻ೣ஻೥௖
ሺݔሻ∗ ∙ ܎ఈ,௫బሺݔሻexp ൬െ݅
ܿܤ௬
݈ܤ௭
ݔ
݈ ൰ ݀ݔ
଴
ିஶ
ቋߜఈᇲ,ఈߜ௫బᇲ,௫బି஻ೣ஻೥௖
ߜ௭೔ᇲ,௭೔ି௖	. 
           (3) 
Here, ߙ ൌ ሺ݊, ߬, ݏሻ is the index labeling the edge state in Fig. 2. This matrix element 
leads two selection rules: Tunneling is only allowed between neighboring layers (ݖ௜ᇱ ൌ
ݖ௜ േ ܿ), and the center coordinates of the initial and final states satisfy ݔ଴ᇱ ൌ ݔ଴ േ
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ሺܤ௫/ܤ௭ሻܿ. Since the energy of edge states depends on ݔ଴, the energy generally changes 
after interlayer tunneling corresponding to the shift of ݔ଴  as shown in Fig. 2(b). 
Therefore, interlayer tunneling occurs with no energy change only when the magnetic 
field is parallel to the edge surface (ܤ௫/ܤ௭ ൌ 0) as shown in Fig. 2(a). This causes the 
resonant inter-edge tunneling at ܤ௫/ܤ௭ ൌ 0, when the field orientation is changed. The 
helical surface state is stabilized by this resonant tunneling.  
 The complex interlayer surface conductivity ߪ෤௭௭ሺୱ୳୰୤ୟୡୣሻ  can be evaluated by 
using Kubo formula. ߪ෤௭௭ሺୱ୳୰୤ୟୡୣሻ is expanded to a power series of the interlayer coupling 
ݐ௖, and the lowest order contribution of ݐ௖ is given by 
ߪ෤௭௭ሺୱ୳୰୤ୟୡୣሻ
ൌ െ ݅԰ܮ௬ܮ௭ ෍ ෍ ෍ ቚർ۴ఈᇲ௫బᇱ௭೔ᇱቚଔ௭̂
ሺୱ୳୰୤ୟୡୣሻቚ۴ఈ௫బ௭೔඀ቚ
ଶ ݂൫ܧఈ௫బ൯ െ ݂൫ܧఈᇲ௫బᇱ൯
ܧఈᇲ௫బᇱ െ ܧఈ௫బ
1
ܧఈᇲ௫బᇱ െ ܧఈ௫బ െ ݅԰߬ሺୣୢ୥ୣሻ
	
௭೔,௭೔ᇱ௫బ,௫బᇱఈ,ఈᇲ
. 
(4) 
Here, ଔ௭̂ሺୱ୳୰୤ୟୡୣሻ ൌ െ݁ݒ௭ ൌ െሺ݁/݅԰ሻሾ̂ݖ, ܪ෡ᇱሿ is interlayer surface current density, and its 
matrix element is given by ർ۴ఈᇲ௫బᇱ௭೔ᇱቚଔ௭̂ሺୱ୳୰୤ୟୡୣሻቚ۴ఈ௫బ௭೔඀ ൌ ݅ሺ݁/԰ሻሺݖ௜ᇱ െ
ݖ௜ሻൻ۴ఈᇲ௫బᇱ௭೔ᇱหܪ෡ᇱห۴ఈ௫బ௭೔ൿ. In the case of ሺܤ௫ଶ ൅ ܤ௬ଶሻଵ/ଶ/ܤ௭ ≪ ݈/ܿ, which is satisfied in 
most field directions, the surface conductivity ߪ௭௭ሺୱ୳୰୤ୟୡୣሻ ൌ Re ቄߪ෤௭௭ሺୱ୳୰୤ୟୡୣሻቅ can be easily 
obtained as  
ߪ௭௭ሺୱ୳୰୤ୟୡୣሻ ൌ
4ݐ௖ଶܿ߬ሺୣୢ୥ୣሻ
԰ଶݒிሺୣୢ୥ୣሻ
ቆ݁
ଶ
݄ ቇ
1
1 ൅ ሺܤ௫/ܤ௫ሺ଴ሻሻଶ
	. 
         (5) 
Here, ܤ௫ሺ଴ሻ ൌ ሺ݄/݁ሻ/ሺ2ߨܿݒிሺୣୢ୥ୣሻ߬ሺୣୢ୥ୣሻሻ  and ݒிሺୣୢ୥ୣሻ ൌ ሺ݈ଶ/԰ሻห݀ܧఈ௫బ/݀ݔ଴ห௫బୀ௫బಷሺഀሻ . 
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ݒிሺୣୢ୥ୣሻ is the scattering lifetime of the edge states. ݔ଴ிሺఈሻ is the center coordinate of edge 
subband ߙ at the Fermi level. We have assumed ݇஻ܶ ≪ ԰/߬ሺୠ୳୪୩ሻ (low temperature) 
and ݐ௖ ≪ ԰/߬ሺୠ୳୪୩ሻ (the dirty limit), where ԰/߬ሺୠ୳୪୩ሻ is the scattering width of the n=0 
LL.  
 When the field is parallel to the stacking axis (z-axis), ߪ௭௭ሺୱ୳୰୤ୟୡୣሻ shows weak 
field dependence reflecting that of ݒிሺୣୢ୥ୣሻ. The value of ߪ௭௭ሺୱ୳୰୤ୟୡୣሻ is finite but much 
less than ݁ଶ/݄  at the limit of ܶ ൌ 0 , since ݒிሺୣୢ୥ୣሻ~ݒ , 2ݐܿܿ/԰ ≪ ݒ , and ݐ௖ ≪
԰/߬ሺୣୢ୥ୣሻ. This means that the interlayer surface transport is metallic but diffusive. This 
is a remarkable feature of the helical surface state as a 2D electron system. Once the field 
is tilted from the stacking axis to the normal of the edge surface (x-axis), ߪ௭௭ሺୱ୳୰୤ୟୡୣሻ 
shows the Lorentzian decay due to the inhibition of interlayer tunneling. On the other 
hand, when the field is tilted in the edge surface (yz-plane), ߪ௭௭ሺୱ୳୰୤ୟୡୣሻ shows no explicit 
angle-dependence. Therefore, ߪ௭௭ሺୱ୳୰୤ୟୡୣሻ shows the resonant peak due to the inter-edge 
resonant tunneling, when the magnetic field is parallel to the edge surface. In real 
samples, the edge surfaces face various directions, so that the total surface conductance 
takes the maximum value around the field direction parallel to the stacking axis. These 
features are expected from the analogy with the chiral surface state in the ߥ ് 0 QH 
multilayer systems21-23). 
In the QH ferromagnet, there still remains the activated bulk transport in 
addition to the surface transport. So, the interlayer resistance is given by ܴ௭௭ ൌ
1/ሺߪ௭௭ሺୠ୳୪୩ሻܵ/ܮ௭ ൅ ∑ߪ௭௭ሺୱ୳୰୤ୟୡୣሻܮሺୣୢ୥ୣሻ/ܮ௭ሻ, where ܵ, ܮሺୣୢ୥ୣሻ, and ܮ௭  are the sectional 
area, the length of each edge, and the thickness of the plate-like crystal, respectively. The 
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summation is taken for all side (edge) surfaces surrounding the crystal. The interlayer 
bulk conductivity ߪ௭௭ሺୠ୳୪୩ሻis given in Ref. 7. At low magnetic fields,	ߪ௭௭ሺୠ୳୪୩ሻ linearly 
increases with ܤ௭ (negative MR), then it exponentially decreases at high fields due to 
spin splitting7). Because the behavior of ܴ௭௭ in tilted magnetic fields depends on the 
configuration of side surfaces in the crystal, we assume that the contribution of special 
side surfaces normal to the ݔ-axis is dominant. 
Figure 3 shows the simulated interlayer resistance ܴ௭௭  under the magnetic 
fields parallel to the ݖ -axis for several temperatures. ܴ௭௭  is normalized by ܴ଴ ≡
ሺ԰ଶܿܮ௭/4ݐ௖ଶ߬ሺୠ୳୪୩ሻଶܵሻ/ሺ݁ଶ/݄ሻ. We can see that the exponential increase of the bulk 
resistance is limited by the surface conduction. Figure 4 shows the simulated 
angle-dependence of ܴ௭௭. The distance and the direction from the origin indicate the 
field strength |۰| and the field orientation, respectively. In the case that the magnetic 
field is tilted in the ݔݖ-plane perpendicular to the surface (Fig. 4(a)), ܴ௭௭ shows the 
saturating behavior only when the field is parallel to the stacking axis (ܤ௫/ܤ௭ ൌ 0). Once 
the field is tilted (ܤ௫ ് 0ሻ, ܴ௭௭ increases monotonously without saturation. Therefore, a 
resonant dip structure appears at ܤ௫/ܤ௭ ൌ 0 in the angle-dependence of ܴ௭௭. On the 
other hand, when the field is tilted in the ݕݖ-plane parallel to the surface (Fig. 4(b)), ܴ௭௭  
shows the saturation for all field directions since ܤ௫ ൌ 0. 
Finally, we compare the above results with the experiments in α-(BEDT-TTF)2I3. 
The behaviors of interlayer MR observed in α-(BEDT-TTF)2I311) are well reproduced in 
Fig. 3. The saturated resistance (~500	kΩ) and the sample size (0.5 ൈ 0.8 ൈ 0.05	mmଷሻ 
11) give the surface conductivity ߪ௭௭ሺୱ୳୰୤ୟୡୣሻ~0.001݁ଶ/݄  much less than ݁ଶ/݄  as 
expected. Recently, we have experimentally confirmed the surface transport in 
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α-(BEDT-TTF)2I3 by observing that interlayer MR is not scaled by sectional area in the 
saturation region24). Moreover, we have observed that the saturated value became 
minimum when magnetic field was parallel to the stacking direction24). Since these facts 
are well explained by the present model, the realization of the QH ferromagnet with the 
helical edge state is strongly suggested in α-(BEDT-TTF)2I3. 
 In conclusion, we have considered the interlayer surface transport caused by the 
helical surface state in the multilayer QH ferromagnet. Electron tunneling between edge 
states on two neighboring layers is allowed only when the magnetic field is parallel to the 
stacking direction. This resonant tunneling causes the resonant increase of interlayer 
surface conductivity around the normal field orientation. The experimentally observed 
features of interlayer MR in the organic Dirac fermion system α-(BEDT-TTF)2I3 are well 
explained by considering the surface transport in the multilayer QH ferromagnet. 
 
Acknowledgements The author thanks Prof. N. Tajima, Prof. K. Kajita, Prof. K. 
Kanoda, Prof. Masatoshi Sato, Prof. Y. Tanaka, and Prof. H. Fukuyama for valuable 
discussions and comments. He also thanks Dr. Mitsuyuki Sato, Dr. K. Uchida, and Dr. T. 
Konoike for the collaboration in experiments on this subject. This work was supported by 
the "Science of Atomic Layers" (No. 25107003) and "Topological Quantum Phenomena" 
(No. 22103002) Grant-in Aid for Scientific Research on Innovative Areas from the 
Ministry of Education, Culture, Sports, Science and Technology (MEXT) of Japan. 
  
11 
 
* osada@issp.u-tokyo.ac.jp 
1) For organic Dirac fermion systems, see, for example, K. Kajita, Y. Nishio, N. Tajima, Y. 
Suzumura, and A. Kobayashi, J. Phys. Soc. Jpn. 83, 072002 (2014), and references 
therein. 
2) N. Tajima, S. Sugawara, M. Tamura, Y. Nishio, and K. Kajita, J. Phys. Soc. Jpn. 75, 
051010 (2006), and references therein. 
3) S. Katayama, A. Kobayashi, and Y. Suzumura, J. Phys. Soc. Jpn. 75, 054705 (2006). 
4) A. Kobayashi, S. Katayama, Y. Suzumura, and H. Fukuyama, J. Phys. Soc. Jpn. 76, 
034711 (2007). 
5) N. Tajima, S. Sugawara, R. Kato, Y. Nishio, and K. Kajita, Phys. Rev. Lett. 102, 
176403 (2009). 
6) M. Sato, K. Miura, S. Endo, S. Sugawara, N. Tajima, K. Murata, Y. Nishio, and K. 
Kajita, J. Phys. Soc. Jpn. 80, 023706 (2011). 
7) T. Osada, J. Phys. Soc. Jpn. 77, 084711 (2008). 
8) T. Osada, J. Phys. Soc. Jpn. 80, 033708 (2011). 
9) T. Osada and E. Ohmichi, J. Phys. Soc. Jpn. 75, 051006 (2006), and references therein. 
10) T. Konoike, K. Uchida, and T. Osada, J. Phys. Soc. Jpn. 81, 043601 (2012). 
11) N. Tajima, M. Sato, S. Sugawara, R. Kato, Y. Nishio, and K. Kajita, Phys. Rev. B 82, 
121420 (2010). 
12) N. Tajima, T. Yamauchi, T. Yamaguchi, M. Suda, Y. Kawasugi, H. M. Yamamoto, R. 
Kato, Y. Nishio, and K. Kajita, Phys. Rev. B 88, 075315 (2013). 
13) T. Osada, Phys. Status Solidi B 249, 962 (2012). 
14) M. O. Goerbig, Rev. Mod. Phys. 83, 1193 (2011). 
12 
 
15) J. G. Checkelsky, L. Li, and N. P. Ong, Phys. Rev. Lett. 100, 206801 (2008). 
16) A. F. Young, C. R. Dean, L.Wang, H. Ren, P. Cadden-Zimansky, K.Watanabe, T. 
Taniguchi, J. Hone, K. L. Shepard, and P. Kim, Nat. Phys. 8, 550 (2012). 
17) D. A. Abanin, P. A. Lee, and L. S. Levitov, Phys. Rev. Lett. 96,176803 (2006). 
18) D. A. Abanin, K. S. Novoselov, U. Zeitler, P. A. Lee, A. K. Geim, and L. S. Levitov, 
Phys. Rev. Lett. 98, 196806 (2007). 
19) M. Konig, S. Wiedmann, C. Brune, A. Roth, H. Buhmann, L. W. Molenkamp, X.-L. 
Qi, S.-C. Zhang, Science 318, 766 (2007). 
20) L. Brey and H. A. Fertig, Phys. Rev. B 73, 195408 (2006). 
21) L. Balents and M. P. A. Fisher, Phys. Rev. Lett. 76, 2782 (1996). 
22) D. P. Druist, P. J. Turley, K. D. Maranowski, E. G. Gwinn, and A. C. Gossard, Phys. 
Rev. Lett. 80, 365 (1998). 
23) J. T. Chalker and S. L. Sondhi, Phys. Rev. B 59, 4999 (1999). 
24) M. Sato, K. Uchida, T. Konoike, and T. Osada, in preparation. 
13 
 
Figure 1 (T. Osada) 
 
 
 
Fig. 1. (color online) 
Schematic configuration of the helical edge state in the =0 QH ferromagnetic state (a) in 
the 2D Dirac fermion system and (b) in the multilayer Dirac fermion system. The 
coordinate axes for the front surface are indicated. 
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Figure 2 (T. Osada) 
 
 
 
Fig. 2. (color online) 
Resonant tunneling between helical edge channels on neighboring two layers. (a) 
Resonant interlayer tunneling when the magnetic field is parallel to the surface. (b) 
Tunneling conserving energy is not allowed when ܤ௫ is finite. 
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Figure 3 (T. Osada) 
 
 
 
Fig. 3. (color online) 
Interlayer resistance ܴ௭௭ of the multilayer QH ferromagnet under normal magnetic fields 
at several temperatures. The dotted curve and dashed curve indicate contributions of bulk 
transport at ܶ ൌ 0 and surface transport, respectively. ܿ ൌ 1.75	nm, vൌ 2.4 ൈ 10ସ	m/s, 
߬ሺୠ୳୪୩ሻ ൌ 2	ps, ߬ሺୣୢ୥ୣሻ ൌ 20	ps, and ܿܮሺୣୢ୥ୣሻ/ܵ ൌ 10ିସ were assumed. 
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Figure 4 (T. Osada) 
 
 
Fig. 4. (color) 
Interlayer resistance ܴ௭௭ of the multilayer QH ferromagnet under the tilted magnetic 
fields. The orientation and the distance from the origin indicates the field orientation and 
strength, respectively. (a) The case when the field is tilted in the ݔݖ-plane perpendicular 
to the surface. (b) The case when the field is tilted in the ݕݖ-plane parallel to the surface. 
The same parameter set as Fig. 3 were employed. 
